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Diseases of Tropical Perennial Crops: Challenging Problems in Diverse Environments
The world's oldest ecosystems are found in the tropics. They are diverse, highly evolved, but barely understood. Diseases that impact crops in these regions can be significant contraints to production, especially when they occur in lowland environments with high rainfall and uniform, warm temperatures; respites from disease pressure there are often infrequent. Difficulties in managing diseases in the humid tropics are multiplied when the affected crops are perennial. The favorable conditions for disease development and the presence of susceptible host tissue over long periods make diseases of tropical perennial crops serious management challenges.
This topic is introduced with a few concepts on the occurrence and development of these pathosystems. Peculiar aspects and scenarios that influence the types of and extent to which different diseases develop are summarized. Measures that are useful on annual or short-term crops may be ineffective against these diseases. They are scientifically interesting problems. New vectors, as for mango malformation, or pathogens, as for bunchy top of papaya, are associated with some of the diseases. And some of the diseases are caused by two or more distinct taxa; for example, citrus greening, mango malformation, Panama disease, and tracheomycosis of coffee. Some of the most important diseases are host-specific and are caused by either coevolved or new-encounter pathogens. Resistance, the most effective tool with which many of these diseases are managed, is usually available in coevolved pathosystems but may be uncommon in new-encounter situations. Inadequate host resistance can be a significant barrier in the management of both coevolved and new encounter diseases.
General tactics are described that are useful against diseases of tropical perennials. The successful management of plant disease utilizes several principles and practices, regardless of the host and environment in which it is grown. These include the avoidance, exclusion, and eradication of the causal agents. Host protection is of great importance, as is the identification and incorporation of resistance in the host plant. All of these approaches are discussed with tropical perennial examples.
Agriculture Begins
Agriculture began after the Pleistocene (last ice age) and started independently in several different regions (Table 1) . It developed first in the Near East (sites in the Fertile Crescent and in present-day Israel and Turkey) due to a fortuitous combination of suitable climate and useful plants and animals that could be domesticated (33, 76, 144) . These first farmers appeared at least 11,000 years ago, and were followed in quick succession by others in Northern and Southern China, Mesoamerica, New Guinea, the Andes, and the Eastern United States (32) (33) (34) . Additional areas of independent development may also include Amazonia, Ethiopia, the Sahel, Southeast Asia, and Western Africa.
During agriculture's brief history, humans have utilized numerous plants (12, 21, 91, 135, 148) . At least 3,000 taxa have been used for food and several hundred more have been used for other purposes. In Table 2 , the following categories have been considered: beverage, drug, elastomer, fiber, food, insecticide, oil, spice, and timber and pulp.
Despite the large numbers of useful species, only a subset is very significant and few are of major importance (114, 128, 136, 143, 148) . Scarcely more than a hundred species enter world commerce, and among the food crops, few are staples: About 0.5% of the food species supply more than 90% of the world's food (42, 148) .
Biological Diversity in the Tropics
Biological diversity increases with decreasing latitude (61, 67, 162) . This trend, called the Latitudinal Diversity Gradient (LDG), has been observed for a wide range of trophic levels and life forms. In general, species numbers increase dramatically as one moves from the poles to the equator.
The LDG is one of the oldest recognized patterns in the biological sciences. Humboldt (63) discussed the relationship two centuries ago, and Darwin (26) wrote about it in his famous book. This increase in diversity is most pronounced in tropical rain forests, which are thought to host 50% of all species but occupy only 7% of the world's landmass (162) . And it appears to be a general rule on our planet since it is found in the fossil record and re-establishes after mass extinctions (67) .
Plants are among the most prominent organisms that conform to the LDG. Thus, it is not surprising that most of the early agricultural hubs (nine of the above 12) and first crop domestications occurred in the tropics, i.e., between the Tropics of Cancer and Capricorn (Table 1) . More than half the crops in Table 2 , 69 of 126 (55%), originated in the tropics. Some tropical annuals, e.g., rice, potato, and maize, are now also grown in temperate zones during the summer. But essentially all tropical perennials are restricted to the tropics due to their cold sensitivity.
A wide range of habitats is found in the tropics, including humid lowlands, deserts, seasonally dry forests, grasslands, savannahs, montane environments, and swamps (148, 161) . Further diversity in each of these habitats results from variable edaphic, meterologic, and biotic conditions. This vast array of environments enables an equally wide range of plants to be grown; almost every crop in Table 2 can be grown somewhere in the tropical world. For example, important temperate domesticates are grown in the lowland tropics (members of the Brassicaceae and Fabaceae are especially common) and at high elevations where moderate temperatures exist (members of the Fabaceae, Poaceae, and Rosaceae are most notable) (114). Thurston's (148) estimate that twice as many crops are grown in the tropics as in the temperate zones of the world is probably accurate.
Studies that compare tropical and temperate ecosystems are uncommon, and a disproportionate amount of the research on microorganisms has been conducted in temperate zones. For example, in reviewing the literature on fungi and bacteria in forest ecosystems since 1963, Lodge et al. (87) found only 96 references for tropical forests, but 2,411 for temperate forests. Despite this disparity, the LDG is also evident among microbes.
Three groups of nonpathogenic fungi, decomposers (86) , endophytes (6) , and arbuscular mycorrhizae (64) , are very diverse in the tropics, as are fungi in general (156, 157) . Plant pathogens also appear to be more numerous and diverse in the tropics. One group, the flagellated protozoa (Phytomonas spp.), is rare outside the tropics (2) , and 60% of the described viroid species have tropical, natural hosts (55) .
If one considers diseases of crop plants, there may be an even greater difference between temperate and tropical areas. Wellman (161) found a pronounced temperate/tropical bias among the crops that were well represented in both zones: pumpkin and squash, 19 temperate diseases and 111 tropical; sweet potato, 15/187; tomato, 32/278; common bean, 52/253+; and potato, 91/175. Wellman (159) (160) (161) concluded that for every disease that occurred on a given crop in temperate areas there were 10 in the tropics.
Disease problems can be severe in the tropics, especially where high rainfall and uniform, warm temperatures are the norm. These conditions are highly favorable for the development of most diseases, and respites from disease pressure are usually infrequent in these areas. Overall, losses are thought to be 50 to 100% higher in tropical than in temperate regions (60, 148) . Estimates of the proportion of all losses in the tropics that are caused by diseases range from 30% (56) to 50% (161) .
Plant pathology began in, and generally continues to be a discipline focused on, temperate climates; comparatively little plant pathological research has been conducted in the developing tropical world (143) . Work in the tropics has made significant contributions to the discipline of plant pathology (100, 132) , but much more would be revealed if resources that approached those used in temperate zones were devoted to research in the tropics.
Perennial crops: Challenging hosts for disease managers. When one considers the total areas planted and annual yields, the most important food crops are annuals. Other than sugarcane (its total represents harvested cane, not a final product), only production figures for maize, rice, and wheat exceed 500 million metric tons per year (Table 2 ). Although they are minor components of most natural floras, annuals predominate in agriculture for the following reasons: they produce quick results after planting; when stored, they enable escape from unfavorable climatic conditions (particularly the grains and pulses); and when incorporated in fallow or rotation cultures, they facilitate the avoidance of pests and pathogens (128) .
Despite the importance of annual crops, Table 2 indicates that perennial crop plants (those that live longer than 2 years [4] ) are more numerous (73 of the 126 [58%]). There are several reasons why these most common hosts are often serious disease management challenges.
Rather than being protected for a few weeks or months, perennial hosts require long-term measures. Since they are longlived and there are no seasonal breaks in production, perennials are more prone to inoculum buildup and epidemic disease development.
Managing the large reservoirs of inoculum and high disease pressures that develop in perennial monocultures can be difficult and costly. For example, management of black Sigatoka leaf spot of banana (black leaf streak), caused by Mycosphaerella fijiensis, contributes as much as 25% of the final retail cost of export bananas and can fail during periods of high rainfall or less than adequate fungicide applications (105) . In India, 10% of the total costs of coffee production went toward the control of rust (130) Due to long-term selection pressure, there are increased opportunities in perennial systems for the development of pesticide-resistant pathogens. Despite an increased awareness of pesticide resistance and the establishment of strategies to avoid the build-up of resistant strains (11), a rapid erosion of the efficacy of new chemicals is still common (68, 120) .
Long-term exposure to disease-promoting or predisposing factors can increase disease development in perennial hosts (7) . Host nutritional status is an important abiotic factor that can be related to increased disease (27, 101) . Likewise, an excess of water can encourage the development of diseases induced by stramenopiles u Listed taxa chosen based on importance described elsewhere (42, 135, 136) . Taxa are listed based on their phylogenetic relatedness (adapted from Stevens [139] ). v Center of origin based on best available evidence. Questionable or unclear centers are denoted with a ?. w At least 10 species of Cinnamomun are sold in the spice trade, notably the cassias, but only C. verum is considered true cinnamon (158) . x An American species, E. oliefera, has been used to produce disease-resistant interspecifc hybrids. y Includes plantains, as well as dessert and cooking bananas. z Due to its transcontinental spread via floating seed, kapok has long been a pantropical crop. and bacteria, whereas water deficits can predispose crops to other diseases (39, 101, 107) . Insect damage and other diseases are among the biotic factors that affect host susceptibility (101, 131, 147) . For example, canker and Phytophthora root rot, caused by Phytophthora palmivora, are diseases of citrus whose severities are increased by, respectively, the citrus leaf miner, Phyllocnistis citrella, and the Diaprepes root weevil, Diaprepes abbreviatus (150) , whereas the development of anthracnose of avocado, caused by Colletotrichum gloeosporioides, is increased by scab damage, caused by Sphaceloma perseae (95) . In perennial systems, there are increased opportunities for pathogen movement within and among plantations. This occurs with all contagious diseases, but can be especially important with slow-moving diseases that might retain a restricted distribution in a short-season crop (107, 140, 166) . Given sufficient time, even sedentary soilborne problems can spread significantly.
When explosive aboveground diseases are involved, new strains (47) or taxa (151) that are more fit or virulent than pre-existing populations can rapidly increase to dominate a field or region. This process is most rapid when there is no seasonal opportunity to change to resistant genotypes and hosts are grown in monocultures. Diseases are usually far less damaging in intercropped production (147) and in natural ecosystems (15, 17) than they are in uniform plantings. Yellow rust of coffee, Coffea arabica, caused by Hemileia vastatrix, and South American leaf blight of Para rubber, Hevea brasiliensis, caused by Microcyclis ulei, are two examples of diseases that are innocuous in mixed or natural systems but become enormous problems in monocultures (40, 92) .
Multilines and cultivar mixtures have been used to discourage epidemic disease development in annual crops, and rusts and powdery mildews of cereals are common targets (49, 98) . This approach is relatively uncommon with perennials, especially when cultivar identity is required in the marketplace. There is also evidence to suggest that when hosts are large, autoinfection may negate the beneficial impact of heterogeneous host mixes (17, 49, 116) . In a recent review, Mundt (98) mentioned only one perennial crop in the tropics, coffee, in which mixes of resistant cultivars were used to combat rust.
Replacing susceptible perennial hosts is costly, and it often takes several years before widespread changes can be made. Schieber (130) indicated that it took about 10 years for rust-susceptible coffee cultivars to be replaced; and the transition to Cavendish cultivars that resisted Panama disease, caused by Fusarium oxysporum f. sp. cubense, in the American banana trades took a decade or longer (140) .
Finally, perennial crops are more apt to be affected by variable production or economic factors than annual crops. The impact of coffee rust provides examples. Avelino et al. (7) demonstrated that seasonal and site-specific variation affected the development of coffee rust and resultant yield; fungicidal management of this disease was justified only in some years and some locations. In marginal production areas where low yield potentials resulted in narrow profit margins, the use of fungicides was never justified (130) . In these areas, rust-resistant cultivars were most important (118, 133) . Given the dramatic fluctuations that occur in global coffee prices (1), it is reasonable to assume that fungicide applications for rust control would be reduced if market returns were low.
Diseases of Tropical Perennial Crops
The disease challenges that face producers of tropical perennial crops are outlined in the following sections. As discussed above, the overall picture is one of diverse pathogens and host plants in what are often disease-conducive environments (148, 161) . These are difficult problems. Due to their polycyclic nature, measures that are useful on annual or short-term crops may be ineffective. In general, more effective and durable management options are needed in perennial situations, especially when there is no winter or off-season during which inoculum and disease pressure would be reduced (see Buddenhagen [14] for a contrasting view). It is not surprising that diseases can be serious constraints in the production of tropical perennials, and that special strategies may be needed to effect their management.
Below, some basic concepts are presented on the occurrence and development of these pathosystems. Peculiar aspects of these diseases and scenarios that influence the types and the extent to which they develop are summarized. They are scientifically interesting problems. New vectors (mango malformation) or pathogens (bunchy top of papaya) are associated with some of these diseases, and several are caused by two or more taxa, for example, bud rot of betel nut and coconut, citrus greening, mango malformation, Panama disease, phytoplasma diseases of coconut, (101, 143, 154, 165) . These include the avoidance, exclusion, and eradication of the causal agents. Host protection is of great importance, as is the identification and incorporation of resistance in the host plant. All of these approaches are discussed with tropical perennial examples.
Coevolved pathosystems. Although the term "coevolution" was first coined in 1964 to describe butterfly:plant interactions (38) , the idea that tandem evolution occurs between species was discussed by Darwin (26) and described in the 1950s in a plant-pathological context (20) . In describing results from his classic research on flax rust, Flor (46) suggested that "…obligate parasites, such as the rust fungi, must have evolved in association with their hosts" and that "…during their parallel evolution, host and parasite developed complementary genic systems." Gene-for-gene systems have now been identified in many other pathosystems, and the specific adaptation of pathogens to host taxa, such as those described as formae speciales, is generally accepted as "the outcome of coevolution" (25) .
These relationships can be conceived of as arms races in which increased disease resistance develops in a host in response to increased virulence in a pathogen (10, 74) . The flux of resistant, rare host genotypes and susceptible, common genotypes has been studied most closely for obligate pathogens that have specific host ranges and possess the complementary gene-forgene relationships described first by Flor (46) , but it also occurs in nonobligate situations (25) .
Coevolutionary interactions are spatially and temporally complex and thus can be difficult to study and document (10, 16, 146) . And there are reasons why coevolution might not develop between cooccurring hosts and pathogens, even when these are obligate relationships (122) . For example, insufficient genetic variation may exist in the host or pathogen for coevolution to occur, or the pathogen may not speciate at the same time as the host (122) . Nonetheless, coevolution appears to be an important factor in the development of many pathosystems (17) . Several criteria can be used to identify possible coevolved pathosystems (10, 16, 19, 25, 46, 53, 57, 62, 129, 136, 146 (25, 40, 92, 112) , and there are relatively few examples of unequivocal host-pathogen coevolution where unambiguous molecular data underpin the relationship (62, 129) . However, the numbers of unequivocal coevolved pathosystems will surely increase as greater sophistication is used in the identification of these relationships and the coevolution process is better understood. In the meantime, coevolution will remain a useful concept for the study of host-pathogen interactions.
Centers of origin, the enemy release hypothesis, and new-encounter diseases. The great plant explorer Vavilov (155) recognized different geographic regions in which important sets of crops plants were domesticated and utilized by primitive societies, and where, subsequently, ancient civilizations began. The concept of agricultural centers of origin has been criticized, refined, and more fully developed in recent years (33, 56) .
Although some of the centers that Vavilov (155) recognized might be questionable, centers of origin for domesticated crops are usually clear (76, 128, 135) . Genetic diversity is often greatest in the primary centers (where the crop first evolved), but can also be considerable in secondary centers. In extreme cases, distinct types of host plants may be found in secondary centers: for example, the East African Highland cooking bananas, highly diversified in upland East Africa but not found or unrecognized in the primary Southeast Asian home of banana (71, 134) .
Given the heterogeneous nature of tropical environments, one might assume that tropical crops perform best where they evolved, i.e., under conditions to which they had adapted over time. In fact, significant production for many tropical crops occurs outside the native ranges (Table 3) . Why is this so? Although several factors have been proposed, the absence of coevolved plant pathogens often plays a significant role. When species display enhanced fitness in new habitats, they have often been "released" from important coevolved enemies (54, 96) .
The so-called "Enemy Release Hypothesis" has been used by ecologists to explain the development of weed species in new habitats. In an investigation of the hypothesis, Mitchell 
There are many examples of tropical crops that are most productive in nonnative habitats (114, 135) . For some of these crops, the absence of a single or a few key pathogens is a pivotal reason for this productivity. The continued production of such crops in the new areas depends upon the continued exclusion of the pivotal (most dangerous) pathogens, and failure to do so can be costly. For example, the coevolved Sigatoka leafspot pathogens, Mycosphaerella musicola and M. fijiensis, dramatically affected banana (Musa spp.) production whenever they were reunited with their host in new production areas.
Other tropical perennial crops that have been released from destructive, coevolved pathogens in new production areas include: sp. elaeidis, was found only in West Africa, where it coevolved with its host (45) . Fusarium wilt has a major influence on oil palm production in Africa, and would undoubtedly impact the primary Southeast Asian production centers if it was moved there. As mentioned above, resistant parents for coevolved hosts are often found in the respective centers of origin (81, 136) . Prospecting in these areas for resistant parents is a common strategy used by breeding programs. Unfortunately, habitat destruction, deforestation, and mismanagement cause losses of these genetic resources (21, 30, 40) . The extinction of these valuable sources of disease and pest resistance, productivity, and environmental adaptibility is a serious problem.
Although resistant parents are usually available for the coevolved diseases, they New-encounter diseases develop when a plant is confronted with a pathogen with which it has not had an evolutionary history (102) . Two types of new encounters have been described (17) . The first, apparently uncommon (or at least not commonly documented), results from an evolutionary host jump. Genetic changes in the pathogen (somatic hybridization, chromosome loss, and recombination are among the mechanisms) result in its adaptation to a co-occurring, previously nonsusceptible host (9, 122, 138) .
The second kind of host jump results from dissemination of either the host or pathogen to effect a new interaction (14, 57 (Fig. 4) Although new encounters usually occur over great distances, this is not always the case, and there are instances when newencounter pathogens evolved in close proximity to the new-encounter host. For example, M. rorei probably originated on the western flank of the Andes, a short distance from the cacao center on the range's eastern flank (40) .
Disease Management in Tropical Perennial Crops
To devise effective management strategies, it is usually necessary to understand the disease's etiology and epidemiology. When causal agents are not known, or when they cannot be cultured and used to artificially induce disease, it is usually not possible to test treatment efficacy in a controlled manner. Two debilitating citrus diseases provide examples: blight, which has an unknown etiology, and greening, which has at least three unculturable, putative agents (150) . And even when causal agents are known, unclear epidemiologies or an inability to reproduce symptoms artificially with a given agent are significant handicaps. Both of these factors contribute to management problems with basal stem rot of oil palm, a disease that kills as many as 70% of the palms in plantations in Indonesia and Malaysia (36, 104) .
In general, effective disease management relies on a delay in the onset or reduction in the intial levels of disease (x O ), or a reduction in the rate at which disease develops over time (r) (154, 165) . Below, I briefly relate these epidemiological principles to the following tactics: avoidance, exclusion, and eradication of causal agents; protection of, or development of resistance in, the host plant; and treatment of affected plants.
Avoidance. Planting site selection is an important first step in establishing a production area, and can be an important tactic for disease avoidance (101, 165) . In general, the conditions under which disease development is favored or hosts are predisposed to disease development should be considered. For example, swamp spot of banana, caused by Deightoniella torulosa, is exacerbated in low-lying and poorly drained situations, as are numerous root rots that are caused by stramenopiles (39, 107, 141, 153) (Fig. 9) . By avoiding chronically wet sites, it is possible to reduce x O for these diseases, but especially r.
Likewise, production areas in which hosts might be predisposed to disease development should be avoided. Predisposing factors are usually physical, but indirect in their impact (131) . Water and temperature extremes are most often indicated, although optimal temperatures for the host might still lead to enhanced disease if it also favors the pathogen (101). For example, Phytophthora root rot of avocado is most severe between 15 and 27°C, temperatures that are also optimum for the host (166) . Physical damage to the host might also predispose it to disease development, and this can be abiotic, as is the case with wind damage and the development of bacterial black spot of mango, caused by Xanthomonas sp. pv. mangifer- East and caused by a phytoplasma, it  initially, A, dwarfs and malforms terminal portions of the canopy and, B, later kills large  portions of the tree. aeindicae, or biotic, as for the enhanced development of citrus canker in leaves damaged by the citrus leafminer (48, 150) . Managing the predisposing factors is always helpful.
Fig. 4. Lime witches'-broom is one of several serious new-encounter diseases of citrus (here on Citrus aurantifolia). Found in the Middle
The importance of using disease-free planting materials cannot be overstated, and any measure or legislation that would produce disease/pathogen free materials and disseminate them to growers would be useful (66). For example, clean nursery stock and budwood schemes are hallmarks of successful citrus programs (113) .
Vegetative propagules can harbor bacteria, fungi, nematodes, viruses, and viroids, and it is with them that many economically important pathogens are moved and established (65) . True seed are less apt to carry pathogens, but they can also pose significant risks. The key with both vegetative materials and true seed is to know what diseases can be moved in these ways on a given crop.
Tissue-culture plantlets should be used whenever possible, since they are free of fungal, bacterial, and nematode pathogens (x O = 0) (66). They are also free of virus and viroid pathogens when they are produced from indexed mother plants. Only in rare cases are tissue-culture plantlets not safe (the badnaviruses, such as Banana streak virus, cause exceptional problems; see ref. 84 ).
Many diseases of perennial crops originate in propagation nurseries, and soilborne diseases whose symptoms are not readily apparent can be most problematic. Phytophthora root rot of avocado is a good example. P. cinnamomi originated in New Guinea, but has been disseminated worldwide in contaminated planting stock (166) . Its establishment in new avocado orchards usually results from planting trees that were infected in the nursery (95) .
Exclusion. Diverse tactics exist for the exclusion of plant pathogens (66,101). Although the idea that "there is no disease without the pathogen" is a simple one, excluding pathogens from production areas (x O = 0) can be difficult. When it is possible, exclusion is a most cost-effective disease management strategy.
The early detection and accurate identification of pathogens are often important first steps in exclusion, and the certification of pathogen-free status and safe movement of germplasm rely on their success (66,101,113). All too frequently, pathogens move via human intervention. Quarantines can be an important first line of defense against their intended or unintended movement, and most countries have lists of forbidden or restricted pathogens and host plants (66, 88, 113, 143) . Unfortunately, these rules are not always enforced sufficiently to ensure border safety, and there are numerous examples of destructive agents moving despite quarantines. The recent accidental introduction of Xanthomonas axonopodis pv. citri into citrusgrowing areas in Florida and Queensland, Australia, and the purposeful movement of Moniliophthora perniciosa into cacao plantations in Bahia, Brazil, are good examples of the anthropogenic dissemination of harmful plant pathogens (51, 65, 72, 73) . The removal of trade barriers may also be problematic; the concerns that nonendemic pathotypes of Guignardia musae and Ralstonia solanacearum might be introduced into Australia if Philippine bananas are shipped to this country are examples (70, 113) .
Pathogens that are moved in debris and on machinery, tools, and other implements can be excluded by surface disinfestation with chemical and physical measures (Fig.  10) . Likewise, seed and planting material can be treated to kill pathogens. Heat treatment (thermotherapy) of vegetative propagation materials is useful against bacteria, fungi, nematode, and virus pathogens. However, there must be a significant difference between the temperatures at which a pathogen dies and the host is adversely affected. This can be a fine line, and heatsensitive plants can be damaged if exacting temperature controls are not available. Only some pathogens lend themselves to this approach, and most of the successful examples that are available are for annual and/or temperate crops (101) . However, heat treatment is effective for some tropical perennials. For example, heat treatment eliminates the ratoon stunt pathogen, Clavibacter xyli subsp. xyli, from sugarcane cuttings (50) , and the burrowing nematode, Radopholus similis, from banana suckers (126) .
Some pathogens can be eliminated from true seed, especially if contamination is restricted to the seed exterior. Although heat treatment is also used for this purpose (77) , surface disinfestation with chlorine or fungicides is most frequent. For seedborne pathogens of quarantine concern, such as Fusarium oxysporum f. sp. elaeidis (Fusarium wilt of oil palm), extra precautions are needed to ensure that all seedborne inoculum is killed or intercepted (45) . This has been of vital concern when oil palm seed from Africa has been disseminated. In 
Pathogen vectors can also be eliminated to exclude pathogens of concern, but there are obvious requirements, including knowledge of which vectors are problematic, where they reside, and how and whether they can be managed effectively. As for the causal agents, complete elimination of vectors is often difficult.
Eradication. If pathogen exclusion has failed or is not possible, a different set of strategies is needed. These measures are diverse, always more expensive than pathogen exclusion, and seldom entirely effective. The recent investment of ca. $1 billion to eradicate citrus canker in Florida is an extreme example of the expense of an unsuccessful effort to eliminate a pathogen (51; T. Gottwald, personal communication). Among these options, pathogen eradication is often considered first. Although the goal of eradication is to reduce x O to 0, in practice these measures are most often rate limiting.
When they are significant reservoirs of inoculum, alternate (i.e., hosts of heteroecious rusts) and alternative hosts are removed from plantations and destroyed. Disease pressure is usually reduced in such cases and, when alternative host species are involved, is most effective when their host ranges are limited. However, pathogens with wide host ranges can also be managed in this manner: for example, weed hosts of Cucumber mosaic virus in banana plantations (85) . The effectiveness of removing alternate and alternative hosts depends on their size (is accomplished most readily when plants are small enough to be easily uprooted and removed) and the pathogen's mobility (the regional barberry eradication programs that were instituted to manage wheat stem rust is a prominent, albeit annual and nontropical, example of extreme measures that were used for a highly mobile pathogen on a widely dispersed alternate host [18] ).
Sanitation, the removal of infested debris and host materials, is another common eradication strategy. As above, its impact depends upon the ease with which these reservoirs of inoculum can be removed from plantations. Roguing infected plants is a key strategy, especially if the crop plant is the primary or sole source of inoculum. For example, bunchy top of banana, caused by Banana bunchy top virus, can be managed only if affected plants are identified frequently (Fig. 11A) , removed from plantations, and destroyed (Fig. 11B ) (145) . Successful control can also result Fig. 2) to the important West African production areas would be disastrous for the world's chocolate trades.
when specific organs of the host are removed. For example, the black pod and frosty pod diseases of cacao can be effectively and economically managed via the removal of affected pods (137) . In contrast, root pathogens that have wide host ranges can be difficult to manage in this way since it is usually impossible to completely remove these host parts when preparing a site for planting. Armillaria spp., Ganoderma spp., Phellinus noxious, and Rigidoporus lignosus are among the most notorious examples of these pathogens because they are good saprophytes and colonize dead roots and stumps in disturbed sites (99, 107) . Once affected materials are removed from plantations, it is important that they be destroyed (Fig. 11B) . "Cull piles" are significant sources of inoculum for many diseases.
Different biocidal measures can be used to eliminate pathogens from soil. Their impacts range from nonspecific to somewhat specific, and due to their expense, they are used only for high-value crops. Flooding and broad-spectrum fumigants, such as methyl bromide + chloropicrin, eliminate large portions of the soil biota, resulting in what is essentially a biological vacuum. This can be a serious problem when the targeted pathogen has saprophytic capabilities. For example, formae speciales of Fusarium oxysporum rapidly recolonize treated soils since they are facultative saprophytes (59, 90, 140) . Other treatments such as steam and solarization have less dramatic effects and usually eliminate only temperature sensitive organisms (most plant pathogens are killed at the 60 to 70°C that is generated by steam or the recurring more moderate temperatures, 45 to 55°C, that are generated in solarized soils) (75, 101) . Most of these treatments, including fumigation, solarization, steam, and chemical drenches, affect only the surface horizons of soil. This can be a significant problem with pathogens that survive at lower depths.
Protection. Diverse chemical, physical, and biological measures can be used to protect tropical perennial hosts from diseases. Ultimately, these are all rate-limiting measures.
Protectant fungicides are among the most common disease-management tools in agriculture. In tropical perennials, they are used at all stages of production and are key in the management of foliar and fruit diseases; without them, many highvalue commodities could not be produced (102) . Those that are highly susceptible to damaging diseases are among the most prominent examples; they include: banana (primarily Sigatoka leafspots), citrus (several fruit and foliar diseases), coffee (rust), and mango (primarily anthracnose) (5, 7, 105, 107, 133) .
Vector control can be used to indirectly protect the host from the pathogen, but there are several caveats. Pesticide applications that are needed to effect disease control may not be cost effective unless the crop is valuable, the treatments are highly effective, and region-wide programs are utilized. The successful management of citrus greening in South Africa is a relevant example, in that large areas are treated for the psyllid vector (82) . And even when these conditions are met, additional measures may be needed, such as the use of pathogen-free planting stock and the removal of alternative weed hosts of a pathogen. For diseases in which a single feeding event by the vector is sufficient to infect the host, effective host protection is impossible; papaya ringspot, which is caused by Papaya ringspot virus and vectored by transitory populations of aphids that do not establish on papaya (it is not a preferred host), is one such disease (103) . Some vectors reside in protected locations that are relatively inaccessible to pesticides and thus are difficult to control. Examples include the phytophagous mango bud mite, Aceria mangiferae, which vectors Fusarium mangiferae and resides under leaf bud scales, and the banana aphid, Pentalonia nigronervosa, which vectors Banana bunchy top virus and lives at the bases of and underneath leaf sheaths (107) . Finally, efficacious measures for controlling vectors may not be available. For example, papaya bunchy top was effectively managed with DDT, since it controlled the leafhopper vectors, Empoasca papayae and E. stevensi; however, an effective replacement for this insecticide has not been indentified (28) .
Other issues that surround pesticide usage will not be covered here for lack of space, including: different chemistries that are available and their spectrums of activity; the development and use of disease forecasting models; application formulations, equipment, and methods; the use of spray oils, spreader stickers, and other amendments; applicator safety; and environmental concerns that are associated with pesticide usage (113) .
Modifications of the producing environments are often useful. The density of plant cover/canopy has a pronounced effect on several diseases, although its impact varies depending upon the disease (101) . Shade reduces the severity of black Sigatoka of banana, but it promotes the development of diseases that require high humidity or free moisture, such as black pod of cacao and coffee berry disease (107, 141, 152) . In the later cases, orienting rows such that prevailing winds and the morning sun have the greatest opportunity to dry the canopy can be helpful (111) .
Diverse edaphic modifications are used. Improved drainage and the use of mounds or beds can significantly reduce stramenopile-induced root diseases (22, 39, 95, 147) . Soil pH impacts many soilborne diseases. Acidic reactions generally favor Fusarium wilts and those caused by Rosellinia spp., whereas basic conditions favor diseases caused by Phymatotrichum omnivorum (101) . Cultural practices may indirectly effect detrimental changes; for example, monoculture and the fertilizer that was used in Hawaiian pineapple production reduced soil pH and thereby favored Rotylenchus reniformis, a serious pathogen of this crop (14) . Although it may be possible to change a soil's pH with amendments (e.g., lime to raise the pH of acidic soils or sulfur to acidify those that are basic), it is not possible to do so with all soils. For example, it is virtually impossible to lower the pH of calcareous soils due to their buffering capacity.
Host nutrition and fertilization practices can have a large impact on disease development (27, 101) . Although most examples are for annual or short-season crops, some perennials that are grown in the tropics have been studied. The amounts of certain elements can be important; for example, applications of silicon-based amendments decreased the severity of ring spot of sugarcane (27) . And the forms of nutrients can be important. For example, ammoniacal nitrogen increased the severity of Phytophthora root rot of citrus, whereas nitrate nitrogen decreased its severity (94) .
Physical exclusion is useful in some situations. Greenhouse production of banana in Morocco creates a requisite warm environment, but also protects plants from important leaf and fruit pathogens. Likewise, bags that are used to cover banana bunches in export plantations provide physical protection from insects and mechanical damage, but also assist postharvest disease control by protecting fruit from inoculum in the field. Physical barriers, such as fences, are also used to keep inoculum out of clean fields or inside those that are affected by an important disease (Fig. 10B) . In export banana production in the Americas, mats that are affected by Moko disease are routinely isolated from the rest of the plantation until they have decayed and no longer pose a threat to the rest of the plantation (149) .
Biological disease control measures are receiving increased attention in tropical perennial crops due to declines in the numbers of pesticides that are available, decreased efficacy of some pesticides due to resistance, and concerns about human and environmental safety that are associated with pesticide use (69, 108, 124, 125) . Biocontrol of postharvest diseases of tropical fruits, caused mainly by fungi, has been studied extensively (69) . The unique niches that are protected and the postharvest environmental control that is possible for many of these commodities have assisted the development of effective treatments, and commercial products exist that reduce disease to levels achieved by chemical measures (69, 78, 79) . Some virus-induced diseases have also been managed biologically, primarily with strains of the causal agents with attenuated virulence. For example, a nitrous acid-induced mutant of Papaya ringspot virus was used to cross-protect papaya plantings in Hawaii (163) in much the same way that mild strains of Citrus tristeza virus have been used to protect citrus (150) .
Biological control of plant disease is never easy, and can be especially difficult for systemic diseases that increase in severity over the lifespan of a given planting. Research on the biological control of Panama disease illustrates the point with a crop that is typically grown for several years (108) . Although numerous researchers have investigated the biological control of this disease, to date an 18% annual loss has been the best result achieved that has been reported in a refereed journal (127) . This loss rate might be acceptable in a short-season crop, but would be disastrous in a perennial crop like banana (for example, a compounded loss of 63% would result after 5 years of ratoon production).
Resistance. Resistance to disease can be a formidable, rate-limiting tool in disease management. Genetic resistance obtained via conventional breeding has been responsible for some of the most important advances in production agriculture during the last century (136) . For an interesting synopsis on disease resistance and breeding in tropical crops, see Buddenhagen (14) .
The source and effectiveness of the genes that are used depend on whether the pathogen is a generalist (resistance to diseases they cause is usually poor) or hostspecialized. As mentioned above, resistance is often available for the coevolved, host-specialized diseases in the centers of origin (81, 136) . Many breeding success stories result from the use of such resistance.
Useful resistance may be available to some new-encounter diseases. For example, cacao parents that resist swollen shoot and vascular streak dieback are important in breeding programs in, respectively, Ghana and Papua New Guinea (R. J. Schnell, personal communication). However, useful genes may be infrequent in the new-encounter host crop. The poor resistance that exists in new-encounter situations can be circumvented if the original host of the new-encounter disease is sexually compatible with the new-encounter host. Intertaxon hybrids may be immediately useful. For example, interspecific hybrids between African oil palm, E. guineensis, and American oil palm, E. oleifera, resist two new-encounter diseases in the Western Hemisphere, bud rot and lethal wilt (12, 31) (Fig. 12) . Or resistance genes can be introgressed into the host crop. The late Phil Rowe's success in breeding disease-resistant banana hybrids relied on incorporating genes from disparate taxonomic backgrounds into hybrid diploids that were then used as pollen parents (121) .
The need for and usefulness of resistant perennial crops in the tropics should consider the type of disease that is addressed.
Although they may be critical for foliar diseases that progress rapidly (high r), susceptible genotypes may be used for years before they need to be replaced if a slow-developing soilborne disease is involved. McDonald and Linde (93) classified the durability of host resistance based on the life strategies and niches of the causal agents.
Genetic resistance obtained via conventional breeding is often classified as vertical (usually controlled by one or a few major genes) or horizontal (several genes) (93, 154) . Much has been written about the dangers of vertical resistance. Although high levels of resistance can be achieved with it, it is almost always pathotype specific. Its use in perennial crops is dangerous since it can be easily overcome by the evolution or selection of virulent pathotypes. Coffee/Hemileia vastatrix and rubber/Microcylis ulei are two tropical perennial pathosystems for which vertical resistance has not been durable (80, 118, 133, 136) .
The phenomenon of initial, excellent disease control that eventually erodes in vertically resistant hosts has been called the "boom-and-bust" cycle. It is most common with foliar diseases that have the potential for rapid epidemic development and are caused by genetically variable pathogens with both sexual and asexual life cycles, i.e., those classified by McDonald and Linde (93) as having "a high evolutionary potential." Although vertical resistance is usually not durable, it can be useful in some situations. For valuable crops in which good production (the "boom" part of the cycle) can be very profitable, long-term resistance may not be necessary. Acceptable production may be possible during the time that is needed to develop new resistant germplasm to combat the eventual, resistance-breaking pathotypes, especially when the pathogen has a low evolutionary potential (93, 136) .
When considering horizontal resistance, disease impact must be taken into account. Horizontal resistance in perennial crops might be valuable against nonlethal diseases but less so against those that kill plants. Coffee improvement schemes have developed both vertical resistance to rust in C. arabica selections and hybrids as well as horizontal resistance in intra-and interspecific hybrids (the other parental species, C. canephora, is highly tolerant) (118, 133) .
Genetic transformation for disease resistance (the creation of Genetically Modified Organisms, GMOs) can be quite effective (93, 143) . Virus-induced diseases have lent themselves to this approach far more often than diseases caused by other pathogen groups, and there are some notable success stories. For example, the papaya industry in Hawaii was saved by selections that were genetically engineered for resistance to Papaya ringspot virus (44) . In general, conventional materials are more accepted in the marketplace than are GMOs, especially in Europe. As consumers become better educated about the benefits and safety of GMOs, a greater acceptance of these products may occur.
Treatment of diseased plants. Diseased plants can be treated effectively with various curative (systemic) chemicals, and by the removal of affected portions of the host (i.e., surgery) to reduce inoculum levels. These are rate-limiting measures.
Since the development of the first systemic fungicides, an increasing number of these compounds have been developed for agricultural use. Benzimidazoles (1973), triazoles (1984) , and strobilurins (1997) are among the most common systemic fungicides. Their primary activity is as protectants, but a portion of the applied compound is absorbed into treated organs. The curative, "kick-back" impact of these compounds revolutionized the management of many diseases (142) .
An unfortunate attribute of some of the most effective systemic fungicides is the ease with which their efficacy is lost; their specific modes of action often make them vulnerable to the development of resistance. Black Sigatoka management in the Americas provides examples (105) . Within 2 to 3 years of the introduction of benomyl for the control of black Sigatoka, resistance in M. fijiensis began to be observed in Central America, and by the late 1970s the chemical could no longer be used effectively in many areas (142) . More recently, strobilurins have become increasingly ineffective in tropical America against this disease (68, 105) .
Brent and Hollomon (11) discussed the propensity of different classes of fungicides to lose effectiveness over time. They noted a wide range in the inherent risk of resistance to develop in different classes. Among the systemics that have been used against black Sigatoka, the benzimidazoles were ranked as high risk and the strobilurins as moderate. They also classified the risk of resistance developing in various pathosystems. The banana/M. fijiensis system was classified as high risk since the pathogen had a short generation time, sporulated abundantly, and had a sexual cycle that facilitated the development of resistance. Working groups of the Fungicide Resistance Action Committee (FRAC) of the Global Crop Protection Federation (an international consortium of agrochemical producers) have created use guidelines to prolong the effective life of vulnerable fungicides (11) .
Two systemic pesticides, metalaxyl and fosetyl-Al (and its phosphonate derivatives), are effective against stramenopiles (23) . Although metalaxyl is effective against a wider range of species than the phosphonates, it is more prone to the development of resistance and can also be microbially degraded in the soil, resulting in a rapid loss of activity (95, 107) . FosetylAl and its active metabolite phosphorous acid are phloem, as well as xylem, mobile. This mobility enables effective concentrations of phosphonate metabolites to be translocated to above-and below-ground portions of plants when these compounds are trunk injected. Phytophthora root rot of avocado and P. palmivora-induced diseases of other tropical perennials are among the diseases that are managed effectively via trunk injection (35) .
Conclusions
Ideally, crop production entails a holistic view of the health and productivity of a given crop. Disease management should be considered as part of an integrated approach to crop production that also includes the nutrition, water, and environmental needs of the crop, and its economic constraints.
Just as diverse facets of plant health should be considered during production, disease management should also embrace a holistic view. Diseases of tropical perennials that can be managed effectively with a single tool are rare, and in most cases an integrated approach should be considered that utilizes several different approaches. The integrated management of Phytophthora root rot of avocado is an excellent example of how the concerted use of hygiene and sanitation, cultural and biological controls, resistance, and pesticides could be used to manage a most difficult disease of a tropical perennial crop (22) .
The management of diseases of tropical perennials is one of the greatest challenges in production agriculture. Long-term criteria must be used to judge the efficacy of the chosen strategies due in large part to the polycyclic nature of these diseases, the corresponding compound interest increase in disease that develops over time, and the disease-conducive environments that prevail in the tropics. Diverse factors that are mediated by time and money are far more critical for these problems than for those that face producers of other crops. Disease management strategies in tropical perennials must be effective and durable, yet responsive to changing environmental and market conditions. It is difficult to conceive of a more interesting and difficult set of problems in plant pathology. 
